Abstract. Traditional Chinese medicine (TCM) has the synergistic effect of the combination of a single ingredient and a monomer, and systemic and local therapeutic effects in cancer treatment, through which TCM is able to enhance the curative effect and reduce the side effects. The present study analyzed the effect of TCM-1 (an anti-cancer TCM) on prostate cancer (PCa) cell lines, and studied in detail the mechanism of cell death induced by TCM-1 in vitro and in vivo. From the present results, it was identified for the first time, to the best of our knowledge, that TCM-1 arrested the cell cycle at the G1 phase, decreased cell viability and increased nuclear rupture in a dose-dependent manner; these effects finally resulted in apoptosis in PCa cells. At the molecular level, the data demonstrated that TCM-1 competitively acted on epidermal growth factor receptor (EGFR) with EGF, and suppressed the auto-phosphorylation and activity of EGFR. Inhibition of EGFR further suppressed the downstream phosphatidylinositol 3-kinase (PI3K)/RAC-α serine/threonine-protein kinase (AKT) and RAF proto-oncogene serine/threonine-protein kinase/extracellular signal regulated kinase signaling pathways and resulted in a decrease in the phosphorylated-forkhead box protein O1 (at Ser256, Thr24 and Ser319) expression level, and induced cell growth inhibition and apoptosis by regulating the expression of apoptosis-and cell cycle-associated genes. In addition, TCM-1 markedly inhibited the PI3K/AKT/serine/threonine-protein kinase mTOR signaling pathway and induced cell autophagy by downregulating the phosphorylation of p70S6K and upregulating the levels of Beclin-1 and microtubule-associated protein light chain-3II. In vivo, the TCM-1-treated group exhibited a significant decrease in tumor volume compared with the negative control group in subcutaneous xenograft nude mice by inhibiting EGFR-associated signaling pathways. Therefore, the bio-functions of Chinese medicine TCM-1 in inducing PCa cell growth inhibition, autophagy and apoptosis suggested that TCM-1 may have clinical potential for the treatment of patients with PCa.
Introduction
Prostate cancer (PCa) is the second most prevalent type of cancer affecting the health of men in Western countries. According to Surveillance, Epidemiology, and End Results Program (National Institutes of Health, Bethesda, MD, USA) statistics, there were ~220,800 novel cases of PCa in the USA in 2015 and 86,380 patients succumbed to PCa (1) . Due to the inefficiency of chemotherapy and radiotherapy, therapeutic strategies for this disease are limited and metastatic disease frequently develops, even following potentially curative surgery (2) (3) (4) . Therefore, it is of great importance to develop novel therapeutics for the treatment of prostate cancer.
Overexpression of epidermal growth factor receptor (EGFR) has been reported in a number of types of solid tumor, including prostate cancer (5) . Activation of EGFR induces the phosphorylation and activation of its downstream signaling pathways, including the phosphatidylinositol 3-kinase (PI3K)/RAC-α serine/threonine protein kinase (AKT) and RAF proto-oncogene serine/threonine-protein kinase (Raf)/extracellular signal-regulated kinase (Erk) pathways, and finally leads to cell proliferation (6) . Activated AKT disturbs the balance of apoptosis and cell viability by promoting nuclear factor (NF)-κB and inhibiting the pro-apoptotic transcription factors forkhead box proteins (FOXs) (7) (8) (9) . Overexpression of FOXs (including FOXO1 in prostate cancer cells) triggers cell cycle arrest and induces cellular apoptosis by increasing the levels of Fas-ligand(Fas-L), tumor necrosis factor ligand superfamily member 10 (TRAIL), and Bcl-2-like protein 11 (Bim) in cells of various tissue types (10) . As reported, the PI3K/AKT/serine/threonine-protein kinase mTOR (mTOR)/ribosomal protein S6 kinase β-1 (p70S6K) signaling pathway is the primary pathway that regulates autophagy when cells are exposed to certain conditions, including starvation, oxidative stress and tumor suppression (11) . Beclin-1 serves an important role in autophagosome formation and in the crosstalk between autophagy and apoptosis, and the expression of Beclin-1 is regulated by the PI3K/Raf/Erk pathway and Bcl-2 (12) .
Previous studies have suggested that the occurrence of certain diseases (including cancer) is associated with immune suppression, and a number of traditional Chinese medicines (TCMs) are able to correct the state of immune suppression by improving the immune system and the disease resistance of the human body, there by achieving the purpose of treating diseases (13, 14) . In the clinical treatment of cancer in a number of Hospitals of TCM, the results demonstrate that TCM has a holistic and a local therapeutic effect, in addition to the synergistic effect of the combination of single ingredients and monomers. Although TCM has the unique advantages of the whole-body and complementary effects that single medicine (Western medicine) does not have in anti-cancer treatment (15) , the molecular mechanism of the bio-functions of TCM in the treatment of various cancers remains to be completely elucidated.
The present study investigated the effects of TCM-1 (water-extract from a type of anti-PCa TCM) on prostate cancer cells (including androgen-dependent LNCaP and androgen-independent PC3 cell lines) in vitro and in vivo. The results indicated that TCM-1 was able to decrease cell viability and arrest the cell cycle at the G1 phase, finally resulting in marked autophagy and apoptosis in prostate cancer cells. From the results of the present study, TCM-1 exerteda dose-dependent downregulation of the activity of the EGFR signaling pathway by inhibiting EGF-induced autophosphorylation of EGFR. Inhibition of EGFR activity resulted in restraining its downstream signaling pathways (including the PI3K/AKT and Erk pathways) and then increased the translocation (from cytoplasm to nucleus) and the transcriptional activity of FOXO1; in addition, it upregulated the expression of apoptosis-associated and autophagy-associated proteins and down-regulated cell cycle-associated proteins. Therefore, the Chinese medicine TCM-1 markedly inhibited cell growth and promoted autophagy and apoptosis in prostate cancer cells, suggesting that TCM-1 hada potential clinical value for treatment of prostate cancer in clinic.
Materials and methods
Cell culture and TCM-1. Prostate cancer cell lines (including LNCaP, CWR22Rv1, PC3 and DU145) and the normal prostate cell line WPMY-1 were cultured in RPMI 1640 medium (Wisent Biotechnology Co., Ltd., Nanjing, China), supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), penicillin (100 U/ml) and streptomycin (100 mg/ml) (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), in a humidified 5% CO 2 atmosphere at 37˚C.
TCM-1, the water-extract from a compound TCM, was provided by Jiangsu Province Hospital of TCM (Nanjing, China) and contained 1 g/ml pharmaceutical raw materials, which were composed of Astragalusmembranaceus, radix Rehmanniaepreparata cat. no. AF0157), p-Raf-1 (Ser338; cat. no. AF3065), p-transcription factor p65 (p65; Ser536; cat. no. AF2006), p65 (cat. no. BF0382), p-dual specificity mitogen-activated protein kinase kinase (MEK)1/2(Ser217/Ser221) (cat. no. AF8035), MEK1/2 (cat. no. AF6385), p-mTOR (Ser2448; cat. no. AF3308) and p-p70S6K (Thr389/Thr412; cat. no. AF3228) were purchased from Affinity Biosciences (Cambridge, UK). Horseradish peroxidase conjugated secondary antibodies, including rabbit IgG (cat. no. HAF008) and mouse IgG (HAF007), were purchased from Bio-Techne China Co. Ltd., R & D Systems (Shanghai, China). Assay kits for radioimmunoprecipitation assay (RIPA), MTT and Cell Counting Kit-8 (CCK-8) were purchased from Beyotime Institute of Biotechnology (Haimen, China). The Nuclear/Cytosol Fractionation kit was purchased from AmyJet Scientific (Wuhan, China). DAPI was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China), dissolved in 1X PBS and used at a concentration of 20 µg/ml. hEGF was purchased from Merck KGaA (Darmstadt, Germany). hEGF was directly added to cell culture medium at the concentration of 0, 20 and 30 ng/ml for 30 min in cell incubator with 5% CO 2 at 37˚C. Other chemicals were all purchased from Sigma-Aldrich (Merck KGaA).
DAPI staining assay for nuclear condensation rupture. For the DAPI staining assay, LNCaP and PC3 cells were cultured in 12-well plates and incubated with increasing doses of TCM-1 (0, 2, 5 and 10 mg/ml) for 24 h. LNCaP and PC3 cells were washed with 1X PBS briefly and fixed in 4% formaldehyde for 15 min, and washed three times with 1X PBS and then permeabilized in 0.2% Triton X-100 for 15 min. Cells were then stained with 6 µl DAPI (1 mg/ml) adding 300 µl 1X PBS at room temperature for 8 min and were photographed with a fluorescence microscope (Nikon IX-71; Nikon Corporation, Tokyo, Japan).
Flow cytometry assay for cellular apoptosis and the cell cycle. LNCaP and PC3 cells were seeded in 6-well plates (0.5x10 5 -1x10 5 /well) and treated with different concentrations of TCM-1 (0, 2, 5 and 10 mg/ml) for 24 h, and cells were collected for flow cytometric analysis (cellular apoptosis assay) using an annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (Beyotime Institute of Biotechnology, Haimen, China). In detail, cells were harvested and resuspended in 1X binding buffer (contained in the kit). Annexin V-FITC and propidium iodide (PI) were added to the cells, according to manufacturer's protocol, for 10-20 min at room temperature while protected from light. Flow cytometry analysis for cell apoptosis was performed using a flow cytometer and analyzed by ModFit LT (version 2.0; Verity Software House, Inc., Topsham, ME, USA), and a minimum of 30,000 events was collected for each sample.
For the cell cycle assay, LNCaP and PC3 cells were seeded in 6-well plates (0.5x10 5 -1x10 5 /well) and treated with the concentrations of TCM-1 (0, 2, 5 and 10 mg/ml) for 24 h. LNCaP and PC3 cells were collected and fixed with 70% ethanol overnight at 4˚C. Subsequently, the samples were treated with 100 µl RNase A (10 mg/ml) for 30 min at 37˚C, stained with 200 µl PI (10 mg/ml) for 0.5 h at 4˚C, and 800 µl1X PBS was added. Flow cytometry analysis was performed using a flow cytometer and a minimum of 20,000 events was collected for each sample. The raw collected data were analyzed by ModFit LT (version 2.0; Verity Software House, Inc.) to determine cell cycle distribution.
MTT assay and CCK-8 assay for cell viability. MTT and CCK-8 assays were performed to assess the cell viability. Cells were seeded in a 96-well plate at a density of 1x10 4 cells/well overnight and treated with different concentrations of TCM-1 (0, 2, 5 and 10 mg/ml) for 24 h.
For the MTT assay, the culture medium was removed and fresh medium (100 µl) was added with 10 µl MTT (5 mg/ml). The plate was incubated at 37˚C for 4 h in the dark. The medium was removed again, and 100 µl dimethyl sulfoxide was added to each well. The absorbance at 570 nm was measured using a microplate reader (Thermo Fisher Scientific, Inc.).
For the CCK-8 assay, the culture medium was removed and fresh medium (100 µl) was added with CCK-8 solution (5 µl). The plate was incubated for 4 h at 37˚C in the dark. Absorbance was measured using a microplate reader (Thermo Fisher Scientific, Inc.) at 450 nm.
The measured optical density values were converted into cell viability according to the manufacturer's protocol.
Western blot analysis and chromatin immunoprecipitation (ChIP) assay. Following 24 h of treatment with TCM-1 (0, 2, 5 and 10 mg/ml), LNCaP and PC3 cells were harvested and lysed by the addition of 120 µl RIPA buffer [Tris-HCl, Ph 7.6;1% NP-40; 0.1% sodium deoxycholate; 0.1% SDS; 150 mM NaCl; 1 mM EGTA; 1 mM phenylmethylsulfonyl fluoride; 1% Triton X-100; and Roche complete protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland)]. Tumor tissues were cut in to small fragments. RIPA buffer was added and the fragments were ground with a manual tissue grinder. Following centrifugation (12,000 x g, 4˚C, 10 min) of cell lysates and tumor tissue lysates, the supernatants were collected and the total protein concentration was quantified using Bradford reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Equal amounts of total protein (15 µg) were separated by 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Following 1 h blocking with 5% skimmed milk at room temperature, the transferred membranes were blotted using primary antibodies (all 1:1,000 dilution) overnight at 4˚C, and corresponding peroxidase-labeled secondary antibodies (all 1:10,000 dilution) at room temperature for 1 h. Bands were detected using an Enhanced Chemiluminescence Detection kit (GE Healthcare, Chicago, IL, USA).
For the ChIP assay, LNCaP cells were treated with TCM-1 (0 and 5 mg/ml). At 12 h, cells were cross-linked with 1% formaldehyde for 10 min at 25˚C. Cells were harvested, sonicated (300W, sonication 2 sec, interval 20 sec, 20 cycles in an ice bath) and the soluble chromatin fragments (200-500 bp) were incubated with 2 µg rabbit IgG or FOXO1 antibodies. DNA-protein immune complexes were eluted and reverse cross-linked, and DNA was extracted using spin filter columns. The presence of the p21 promoter domain in immunoprecipitated DNA was identified using the following primers: Forward primer, 5'-GGT GTC TAG GTG CTC CAG GT-3'; and reverse primer, 5'-GCA CTC TCC AGG AGG ACA CA-3'. The amplified p21 promoter region was analyzed via 1% agarose/ethidium bromide gel electrophoresis. In the control samples, the primary antibodies were replaced with non-immune rabbit IgG.
In vivo efficacy of treatment with TCM-1 in the prostate tumor xenograft mouse model. A total of 32 nude mice (male, 5-week old) were purchased from the Model Animal Research Center of Nanjing University, Nanjing, China and raised in SPF level animal room at room temperature with normal diet and drinking water, 40-70% humidity, 0.03% CO 2 and 12 h ligh/dark cycle. PC3 cells (1x10 6 ) were suspended in PBS (100 µl) and injected subcutaneously into the flanks of each animal. Mice were randomly divided into four groups (8 mice/group), including a negative control group (1X PBS), positive control group [5-fluorouracil (FU); 30 mg/kg], a low-dose TCM-1 group (0.5 g/kg), and a high-dose TCM-1 group (2.0 g/kg). When the tumors grew to 24-30 mm in the present study were approved (permit no. NL-129-02) by the Ethics Committee of Jiangsu Province Hospital of TCM, Nanjing, China.
Immunohistochemistry (IHC) assay.
Tumors were fixed in 10% buffered formalin (4˚C, overnight), embedded in paraffin and sectioned to 5 µm in size. Each tissue section was deparaffinized and rehydrated with xylene and gradient concentrations of ethanol. Tissue sections were boiled in EDTA for 15 min, quenched with 0.3% hydrogen peroxide solution for 10 min at room temperature and blocked with bovine serum albumin (Gibco; Thermo Fisher Scientific Inc.) in PBS for 60 min at 30˚C. Slides were subsequently incubated with specific primary antibodies (all 1:50 dilution) overnight at 4˚C. Sections were counterstained with hematoxylin (10 min, at room temperature). Antibody binding was detected with an EnVision Detection kit, Peroxidase/Diaminobenzidine, Rabbit/Mouse (Gene Tech Biotechnology Co., Ltd., Shanghai, China). The expression levels of specific proteins were observed and photographed under a microscope at a magnification of x400 (CTR 6000; Leica Microsystems GmbH, Wetzlar, Germany), and the proliferation index was expressed as the percentage of positive cells relative to the total number of cells in a given area.
Statistical analysis. All data are expressed as the mean ± standard deviation. Comparisons between groups were made by one-way analysis of variance followed by Dunnett's test, using SPSS software (version 19.0; IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference. All experiments were replicated three times.
Results

TCM-1 induces morphological changes and inhibits cell viability in prostate cancer cells.
To assess the effect of TCM-1 on prostate cell lines, WPMY-1 and PCa cells (including androgen-dependent LNCaP and CWR22Rv1, and androgen-independent PC3 and DU145) were cultured and treated with different concentrations of TCM-1 (0, 2, 5 and 10 mg/ml) for 24 h. Cellular morphological alterations and cell viability were photographed using a microscope and determined by MTT and CCK-8 assays. From the data, it was observed that TCM-1 induced morphological alterations in PCa cells in a concentration-dependent manner; cells appeared shrunken and rounded, and certain cells were lysed, whereas no distinct alterations were noted in the normal prostate cell WPMY-1 even when treated with 10 mg/ml of TCM-1 (Fig. 1A) . In addition, the MTT and CCK-8 assays demonstrated that the proliferation and viability of PCa cells were significantly decreased by treatment with TCM-1 in a concentration-dependent manner, whereas the proliferation and viability of WPMY-1 cells were almost unaffected by treatment TCM-1 (Fig. 1B and C) . These results indicated that TCM-1 suppressed cell growth and proliferation, in addition to decreasing cell viability, particularly in prostate cancer cells.
In order to address the molecular mechanism of the effect of TCM-1 on PCa cells, the androgen-dependent LNCaP cell line and the androgen-independent PC3 cell line were selected as the cellular models for subsequent experiments.
TCM-1 induces cell cycle arrest and apoptosis in PCa cells.
To identify TCM-1-induced cell cycle arrest and apoptosis in PCa cells, LNCaP and PC3 cells were cultured and treated with different concentrations of TCM-1 (0, 2, 5 and 10 mg/ml) for 24 h. Cells were treated for flow cytometry analysis to assess cell cycle arrest and apoptosis and for the DAPI staining assay to determine PCa cellular apoptosis (Fig. 2) . As presented in Fig. 2A , apoptosis in PCa cells (including LNCaP and PC3 cells) was markedly induced by treatment with TCM-1. The degree of cellular apoptosis (including early apoptosis and late apoptosis) was dependent on the concentration of TCM-1. As presented in Fig. 2C , the cell cycle of LNCaP and PC3 cells was arrested at the G1 phase following treatment with TCM-1, and the degree of G1 phase arrest was dependent on the concentration of TCM-1. The number of cells in the G1 phase was increased, while cells in the S and G2/M phases were decreased following treatment with TCM-1. In addition, the DAPI staining assay demonstrated that TCM-1 induced the formation of apoptotic bodies and nuclear shriveling in LNCaP and PC3 cells. The number of cells exhibiting shriveled nuclei and apoptotic bodies was increased with the increasing concentration of TCM-1 (Fig. 2B) .
TCM-1 inhibits the PI3K/AKT signaling pathway and activates FOXO1 by downregulating the phosphorylation levels of PI3K, AKT and FOXO1 in PCa cells.
LNCaP and PC3 cells were seeded in 6-well plates and treated with different concentrations of TCM-1, as indicated in Fig. 3 . At 24 h, cells were harvested for western-blot analysis. The results demonstrated that treatment with TCM-1 in PCa cells decreased p-AKT (including Ser473 and Thr308) and p-PI3K expression levels, while no apparent alterations in the total AKT and PI3K protein expression levels were noted. The decreasing p-AKT and p-PI3K levels presented a TCM-1 concentration-dependent manner ( Fig. 3A and B) . In addition, the phosphorylation level of P-65 (p-p65Ser536), a subunit of NF-κB which as a downstream target of PI3K/AKT pathway, was also decreased by treated TCM-1 in a concentration dependent manner (Fig. 3A and B) . These results indicated that TCM-1 inhibited the activity of NF-κB by inhibiting the PI3K/AKT signaling pathway.
FOXO1 serves an important role in a number of cellular physiological processes, including cell growth, cell proliferation and apoptosis in prostate cancer cells; in addition, FOXO1 is an important downstream target of the PI3K/AKT pathway (16) . Phosphorylation of FOXO1 at Ser256/Thr24/Ser319 by the PI3K/AKT pathway induces the translocation of FOXO1 from the nucleus to the cytoplasm (17) . The results of the present study demonstrated that the phosphorylation levels at Ser256/Thr24/Ser319, and not the total protein level of FOXO1, were decreased in LNCaP and PC3 cells following treatment with TCM-1; this decrease was dependent on the treatment concentration of TCM-1 ( Fig. 3C and D) . In addition, these data illustrated that the nuclear FOXO1 levels increased and the cytoplasmic FOXO1 levels decreased following treatment with TCM-1, and these trends were dependent on the treatment concentration of TCM-1 ( Fig. 3E and F) . The ChIP assay data demonstrated that TCM-1 increased the levels of FOXO1 binding to the promoter of the p21 gene (Fig. 3G) . In addition, treatment with TCM-1 in LNCaP cells downregulated the levels of PSA, which is a downstream target gene of the androgen receptor (AR) (Fig. 3H) , suggesting that AR maybe involved in TCM-1-induced cell growth inhibition and apoptosis in androgen-dependent PCa cell lines.
These results indicated that TCM-1 inhibited the activity of the PI3K/AKT signaling pathway by decreasing the phosphorylation levels of PI3K and AKT, and additionally decreased the phosphorylation level of FOXO1 (Ser256/Thr24/Ser319), resulting in the translocation of FOXO1 proteins into the nucleus from the cytoplasm and increasing the transcriptional activity of FOXO1.
TCM-1 induces the activation of intrinsic and extrinsic apoptotic pathways in a cellular tumor antigen p53
(p53)-independent manner in PCa cells. It has been reported that FOXO1 is a tumor suppressor, and that overactivation of FOXO1 may induce cancer cell apoptosis by stimulating the expression of death receptor ligands, including FasL and TRAIL, in addition to inducing the expression of a number of pro-apoptotic members of the apoptosis regulator Bcl-2 family of mitochondria-targeting proteins (10) . From the present experimental data, it was observed that the expression of the FOXO1-targeted pro-apoptotic Bim and FasL proteins was markedly increased following treatment with TCM-1, in a concentration-dependent manner (Fig. 4A and B) . It is known that FasL is a death ligand that is able to trigger the extrinsic apoptotic pathway through binding to its receptor Fas, expressed on the majority of cancer cells; Bim is able to trigger the intrinsic apoptotic pathway (10) . In the present study, the experimental data demonstrated that TCM-1 decreased the expression levels of anti-apoptotic proteins (including Bcl-2, XIAP and survivin) (Fig. 4C and D) , and increased the expression levels of pro-apoptotic proteins [including Bax, cleaved (c)-PARP-1, c-caspase 9, c-caspase 8 and c-caspase 3] (Fig. 4E and F) in LNCaP and PC3 cells. These results indicated that treatment with TCM-1 in PCa cells activated the intrinsic and extrinsic apoptotic pathways simultaneously by increasing the expression of Bim and FasL via the activation of FOXO1. In addition, p53 is a well-known tumor suppressor, which is known to cause cell cycle arrest, autophagy and apoptosis in a number of types of cancer cells (18) . From the experimental results, it was observed that the protein level of p53 was almost unaltered following treatment with TCM-1 in LNCaP cells (no expression of p53 was detected in PC3 cells) (Fig. 4E and F) .
These data suggested that TCM-1 inhibited the activity of the PI3K/AKT pathway and induced the translocation of FOXO1 into the nucleus from the cytoplasm, activating the intrinsic and extrinsic apoptosis pathways (caspase-dependent) in prostate cancer cells. TCM-1-induced PCa apoptosis was observed to be p53-independent.
TCM-1 inhibits the activity of the Raf/MEK/Erk signaling pathway, resulting in downregulation of Cyclin D1, and upregulation of p21 and cyclin-dependent kinase inhibitor 1B (p27), in PCa cells. As previously reported, inhibition of the Raf/MEK/Erk signaling pathway downregulates Cyclin D1 and upregulates p21/p27 by activating the transcription factor FOXO1, resulting in cell cycle arrest at the G1 phase (10, 19) . In order to determine whether the Raf/MEK/Erk signaling pathway was involved in cell cycle arrest at the G1 phase in TCM-1-treated PCa cells, LNCaP and PC3 cells were cultured and treated with different concentrations of TCM-1, as indicated in Fig. 5 , for 24 h. Cells were harvested for western blot analysis to assess the expression levels of cell cycle-associated proteins, including Cyclin D1, p27 and p21. As presented in Fig. 5A and B, treatment with TCM-1 in LNCaP and PC3 cells markedly decreased the protein level of Cyclin D1, whereas it increased the protein expression levels of p21 and p27. These results indicated that TCM-1 induced cell cycle arrest at the G1 phase in LNCaP and PC3 cells, and were consistent with the results of the flow cytometry analysis presented in Fig. 2B . The Raf/MEK/Erk signaling pathway has been demonstrated to serve an important role in promoting the cell cycle, cell growth and cell proliferation (6) . In order to identify that TCM-1 induced PCa cell cycle arrest and growth inhibition by inhibiting the activity of the Raf/MEK/Erk signaling pathway, LNCaP and PC3 cells were cultured and treated with different concentrations of TCM-1, as indicated in Fig. 5C and D, for 24 h. Cells were subsequently harvested and lysed for western blot analysis. The experimental data demonstrated that TCM-1 decreased the phosphorylation level of Raf-1 (Ser338) in a concentration-dependent manner, while no apparent effect on the total protein expression level of Raf-1 in LNCaP and PC3 cells was observed ( Fig. 5C and D) . Inactivation of Raf-1 further resulted in a decrease in the phosphorylation levels of MEK1/2 (Ser217/Ser221) and Erk1/2 (Thr202/Tyr204), while no effect on the total protein expression levels of MEK1/2 and Erk1/2 in LNCaP and PC3 cells was observed ( Fig. 5C and D) . These results suggested that TCM-1 induced cell cycle arrest and cell growth inhibition by inactivating the Raf/MEK/Erk signaling pathway.
TCM-1 induces cellular autophagy by dysregulating the mTOR/p70S6K pathway in PCa cells. mTOR, an important
factor involved in cellular autophagy, is a downstream target of and is regulated by the PI3K/AKT pathway, originating from starvation, growth factors and cellular suppressors (20) . In order to examine whether mTOR-associated cellular autophagy was involved in TCM-1-induced cell growth inhibition and cellular apoptosis, LNCaP and PC3 cells were cultured in 6-well plates and treated with different concentrations of TCM-1, as indicated in Fig. 6 , for 24 h. Cells were harvested and lysed for western blot analysis. The experimental data demonstratedthat treatment with TCM-1 in PCa cells decreased the phosphorylation level of mTOR (Ser2448) and resulted in inhibition of mTOR activity, with no marked effect on the total protein expression level of mTOR ( Fig. 6A and B) . Inhibition of mTOR activity further resulted in activity inhibition of p70S6K by decreasing the phosphorylation level of p70S6K (Thr389/Thr412) in LNCaP and PC3 cells. The expression level of LC3-II was increased with the inhibition of p70S6K, while the level of LC3-I was decreased ( Fig. 6A and B) . All the alterations were TCM-1 concentration-dependent, as presented in Fig. 6 . Additionally, Beclin-1, a protein which is negatively correlated with Bcl-2, was significantly increased by treatment with TCM-1 in a concentration-dependent manner, via the TCM-1-mediated decrease in the protein expression level of Bcl-2 (Figs. 4C and D, 6A and B) .
Considering the inhibition of the PI3K/AKT signaling pathway by TCM-1 (Fig. 3A and B) , the results of the present study demonstrated that the TCM-1-induced cellular autophagy via inhibition of them TOR/p70S6K signaling pathway in LNCaP and PC3 cells was mediated via inhibition of the activity of the PI3K/AKT signaling pathway, suggesting that cellular autophagy may be involved in TCM-1-induced cell growth inhibition and apoptosis in prostate cancer cells.
TCM-1 targets EGFR and competitively acts on EGFR with EGF, resulting in inhibition of the auto-phosphorylation of EGFR.
It has been reported that the PI3K/AKT and Raf/MEK/Erk signaling pathways are two important downstream signaling pathways of the EGF/EGFR signaling pathway (21) . Over-activation of the EGF/EGFR pathway frequently occurs in a number of types of cancer, and has been demonstrated to contribute to cancer cell proliferation, tumor vascularization and metastasis (22, 23) . In order to determine whether the TCM-1-induced inhibition of the PI3K/AKT and Raf/MEK/Erk signaling pathways occurred via the TCM-1-induced inhibition of the EGF/EGFR signaling pathway, LNCaP and PC3 cells were cultured and treated with different concentration of EGF and/or TCM-1 (5 mg/ml), or different concentrations of TCM-1 and/or EGF (30 ng/ml), as indicated in Fig. 7 . From the experimental data, it was revealed that treatment with TCM-1 markedly decreased the auto-phosphorylation levels of EGFR (p-EGFR Tyr1173) and did not alter the total protein expression level of EGFR in LNCaP and PC3 cells. The decrease in p-EGFR (Tyr1173) expression levels was dependent on the treatment concentration of TCM-1 (Fig. 7A and B) .
When LNCaP and PC3 cells were treated or co-treated with TCM-1 (5 mg/ml) and EGF (0, 20 and 30 ng/ml), it was observed that the TCM-1-induced inhibition of the auto-phosphorylation of EGFR was rescued by co-treatment with EGF ( Fig. 7C and D) . It was additionally demonstrated that the EGF-induced enhancement of the auto-phosphorylation of EGFR was impaired by co-treatment with TCM-1 in PCa cells (LNCaP and PC3) (Fig. 7E and F) .
These results demonstrated that TCM-1 downregulated the auto-phosphorylation and activation of the membrane receptor EGFR, and additionally impaired the EGF-induced activation of EGFR. These results indicated that the TCM-1-induced activity inhibition of EGFR and its downstream signaling pathways, including the EGFR/PI3K/AKT and EGFR/PI3K/Erk pathways, maybe due to TCM-1 competitively acting on EGFR with EGF.
TCM-1 suppresses the growth of human PCa cells in vivo by
inhibiting EGFR-associated signaling pathways and inducing cellular autophagy and apoptosis. In order to validate the findings from the in vitro studies and to test the efficacy of TCM-1 for prostate cancer therapy, an in vivo study was performed using a PC3 cell tumor xenograft model in nude mice (Fig. 8) . PC3 cells were implanted subcutaneously into the right or left flank of nude mice and tumors were allowed to grow. When the tumor volume reached 20-24 mm 3 , mice were treated with 1x PBS (as a negative control), TCM-1 (0.5 g/kg as a low dose and 2 g/kg as a high dose) and 5-FU (as a positive control; for 24 h. Cells were harvested for western blot analysis to assess the protein levels of Cyclin D1, p27, p21 and β-actin (loading control). (C) LNCaP and (D) PC3 cells were treated as described above for 24 h. Cells were harvested and lysed for western blot analysis to determine the protein expression levels of p-Raf (Ser338), Raf, p-MEK1/2(S217/S221), MEK1/2, p-Erk1/2(T202/Y204), Erk1/2 and β-actin (loading control). TCM-1, traditional Chinese medicine 1; Raf, RAF proto-oncogene serine/threonine-protein kinase; p21, cyclin-dependent kinase inhibitor 1; p27, cyclin-dependent kinase inhibitor 1B; MEK, dual specificity mitogen-activated protein kinase kinase; Erk, extracellular signal-regulated kinase; IB, immunoblotting; p, phosphorylated. 30 mg/kg) by oral gavage every 2 days for 6 weeks. Tumor growth and mouse weights were monitored at the end of each treatment week. Following treatment for 6 weeks, mice were sacrificed and the subcutaneous tumors were resected, weighed, photographed and measured immediately. The tumor samples were sectioned and subjected to an IHC assay and western blotting. Compared with the negative control group, tumor growth in vivo was inhibited by low-dose TCM-1, high-dose TCM-1 and the 5-FU positive control (Fig. 8B) . Dunnett's test analysis demonstrated that significant differences existed between the high-dose group or positive control group and the negative control group (P=0.0353; P=0.0414), although a significant difference was not observed between the low-dose group and the negative control group (P=0.1230). Treatment with TCM-1 revealed a time-dependent inhibition of prostate tumor growth in vivo (tumors in the high-dose group were markedly smaller compared with those of the low-dose group), and an apparent reduction in tumor volume was observed during the 2nd week in the TCM-1-treated group (Fig. 8B) , while no signs of toxicity were observed during the treatment period, as indicated by a stable bodyweight (Fig. 8A ). The data in Fig. 8B and C demonstrated that the inhibition of tumor growth by high-dose TCM-1 was almost equal to that induced by 5-FU (positive control). At the end of experiment, the tumor size in the mice was markedly reduced by the treatment with TCM-1 in a dose-dependent manner (Fig. 8C) . In addition, the protein expression levels of Ki-67 (marker of cell proliferation), p-EGFR (Tyr1173) and p-AKT (Ser473) were assessed via an IHC assay in PC3 tumor tissues from different groups. The results demonstrated that the treatment with TCM-1 markedly decreased the protein expression levels of Ki-67, and the phosphorylation levels of EGFR (Tyr1173) and AKT (Ser473) in tumor tissues (Fig. 8E) . In addition, the western blotting data from the PC3 tumor tissues demonstrated that the expression levels of p-Erk1/2, p-FOXO1 (Ser256) and CyclinD1 were all downregulated by treatment with TCM-1, whereas the protein expression levels of c-caspase 3, c-PARP-1 and LC3-II were upregulated by treatment with TCM-1 (Fig. 8D) . Therefore, the in vivo experiments suggested that treatment with TCM-1 induced PCa cellular autophagy and apoptosis by inhibiting the EGFR/PI3K/AKT and EGFR/PI3K/Erk signaling pathways, resulting in PCa cell growth inhibition. The experimental data demonstrated that TCM-1 inhibited EGF/EGFR signaling pathway, and subsequently inhibited both PI3K/AKT and Raf/Erk pathways and their downstream gene expression. Finally, cell growth inhibition and apoptosis were induced by TCM-1 treatment in PCa cells (Fig. 8F) .
Discussion
PCa is one of the most common malignancies worldwide, and is associated with substantial mortality and morbidity (24) . In primary PCa, the level of PSA is frequently an important factor in the clinical detection and evaluation of prostate cancer (25) . With the further researches on cancer therapy, scientific consensus is that immunotherapy is a promising treatment avenue for cancer (26) . Thousands of years of clinical practice in Chinese medicine has suggested that compound Chinese traditional medicines may have unique advantages in treating cancer in the clinic by increasing the ability of the body to inhibit and kill cancer cells in vivo, although the underlying molecular mechanisms remain to be elucidated. TCM-1 is a classical compound Chinese traditional medicine which has been used in the clinic to treat patients with prostate cancer in the Jiangsu Hospital of TCM for a number of years. In the present study, it was demonstrated that TCM-1 targeted EGFR and competitively acted on EGFR with EGF, and inhibited the autophosphorylation and activity of EGFR, thereby inhibiting the PI3K/AKT and PI3K/Erk signaling pathways by decreasing the phosphorylation levels of PI3K, AKT and Erk in androgen-dependent and -independent prostate cancer cells (LNCaP and PC3 cells) . Inhibition of the PI3K/Erk signaling pathway by TCM-1 markedly induced anti-proliferative effects through the induction of cell cycle arrest at the G1 phase in the two cell lines, accompanied by marked alterations in the expression of key cell cycle regulators (Cyclin D1, p21 and p27). Inhibition of the PI3K/AKT signaling pathway by TCM-1 increased FOXO1 transcriptional activity (by decreasing the phosphorylation levels of FOXO1 Ser256/Thr24/Ser319) and induced growth inhibition and initiated cellular apoptosis through the mitochondrial and death receptor pathways in LNCaP and PC3 cells. Additionally, TCM-1-induced inhibition of the PI3K/AKT/mTOR signaling pathway was able to induce cellular autophagy by inhibiting p70S6K and activating LC3-II.
It is known that EGFR and its downstream signaling pathways, including PI3K/AKT/mTOR and Raf/MEK/Erk, serve important roles in a number of types of tissue cell tumorigenesis, and tumor progress and metastasis, and are important in regulating bodily immunity by suppressing T cell-induced tumor necrosis by decreasing the expression of programmed cell death ligand 1 (PD-L1) (22, 23, 27) . To the best of our knowledge, the present study was the first to demonstrate that TCM-1 targeted EGFR and competitively acted on EGFR with EGF, resulting in auto-phosphorylation and activity inhibition of EGFR, and decreased the activities of the PI3K/AKT and Raf/MEK/Erk pathways. These blockades of EGFR and its downstream signaling pathways may further inhibit the expression of PD-L1 on cancer cell membranes by inhibiting the activity of the mTOR signaling pathway. Therefore, TCM-1 treatment may be associated with the regulation of immunity of patients with prostate cancer. In addition, a number of ligand-receptors on the cell membrane are associated with activation of the PI3K/AKT signal pathway, and promote cancer call growth, proliferation and metastasis (28) . Therefore, further studies are required to clearly demonstrate whether EGF/EGFR is the only ligand-receptor involved in the TCM-1-mediated inhibition of the PI3K/AKT signaling pathway, and induction of cell growth inhibition and apoptosis in PCa cells.
The phosphorylation of FOXO1 by AKT inhibits the transcriptional functions of FOXO1, and contributes to cell survival, growth and proliferation (29, 30) . Conversely, FOXO1 activation has been proposed to be important for regulating apoptosis by stimulating the expression of death receptor ligands, including FasL and TRAIL, in addition to inducing the expression of multiple pro-apoptotic members of the Bcl-2 family (Bim, Bcl-2, BAX). FOXO1 is additionally important for inducing cell cycle arrest via the upregulation of the cell cycle inhibitor p21 and p27 (31, 32) . The results of the present study demonstrated that TCM-1 decreased the phosphorylation levels of FOXO1 (Ser256/Thr24/Ser319) by inhibiting the PI3K/AKT and Ras/Erk signaling pathways, and induced cell cycle arrest at the G1 phase and cellular apoptosis by inhibiting the expression of Bcl-2/XIAP/survivin, activating Fas-L/Bim/Bax, and increasing the expression of p27. In addition to FOXO1, FOXO3a is an important member of the FOX family in terms of the regulation of cell growth and apoptosis (30) . Therefore, further studies are required to establish whether FOXO3a was additionally involved in TCM-1-induced cell growth inhibition and apoptosis in PCa cells. In a previous study, p53 was indicated to be a key protein in cell growth inhibition and cell apoptosis promotion (33) . In the present study, it was observed that the protein level of p53 was unaltered following treatment with TCM-1. It was demonstrated that p53 was not an important factor in TCM-1-induced PCa cell growth inhibition and cell apoptosis.
mTOR is a rapamycin-sensitive serine/threonine protein kinase and serves an important role in regulating cell growth, motility and survival. Dysregulation of the mTOR signaling pathway maybe observed in a number of types of cancer, with PI3K and AKT being upstream regulators of the mTOR signaling pathway (34) . Activation of the AKT-mTOR pathway increases the expression of PD-L1 and results in the inactivation of anti-tumor T cells (27) . The activation of mTOR complex 1, a principal rapamycin-sensitive mTOR complex, promotes protein synthesis in response to growth factors by increasing the phosphorylation of p70S6K and eukaryotic translation initiation factor 4E-binding protein 1 and exhibits an important role in cellular autophagy (35) . According to the present results, TCM-1-induced inhibition of the PI3K/AKT/mTOR signaling pathway impaired the phosphorylation and activity of p70S6K, and resulting in increasing the levels of LC3-II and Beclin-1, which serve essential roles in autophagosome formation (36, 37) , finally promoting cell autophagy. In the treatment of cancer cell with most anticancer drugs, the cellular processes of autophagy and apoptosis frequently occur simultaneously. Following treatment with TCM-1, it was observed that TCM-1 induced PCa cellular autophagy and apoptosis by inhibiting EGFR and its downstream PI3K/AKT and Raf/Erk pathways. Further studies are required to ascertain whether associations exist between TCM-1-induced PCa cellular autophagy and apoptosis.
TCM has systemic and local therapeutic effects and primarily affects the whole function of the organism. The active components and functional mechanisms are complex; the functional effects of TCM are associated with the active ingredients in each herbal extract. In the study, even though we cannot ensure exactly the same concentration of each component of TCM-1 each time extracting from Chinese herbs, but it's for sure that concentration of each component of TCM-1 in each extraction is almost the same as long as we control the raw herbs.
In conclusion, the present study identified for the first time, to the best of our knowledge, that TCM-1 had the potential to exert a specific anti-cancer effect, in addition to inducing PCa cell growth inhibition, autophagy and apoptosis in vitro and in vivo, by targeting EGFR and further suppressing the activity of the EGFR/PI3K/AKT and EGFR/PI3K/Erk signaling pathways. The present results may partially provide a molecular basis for the application of TCM-1 in the clinic to treat patients with prostate cancer.
